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s T ﬁutter at lomlinecr .'{crod;.-.; ..ie Forces
Ly |
P, 8 Landa and S, P, Strelkov
Viure “iens of ‘an aircraft - 11,3 durding fli nt should be considerzd a3 vivrations
"in a ca. .ple,c hetarogennous vibrational sys tex:. with distrituted ;xzramet:rs. Dut guite
often to reveal the - na‘ure of the flutter rhenorenca, or cutoercitation of elastic
vibrations of a uing in fli(;ht. are used sin; llified s:;:.toms[} 2] Ona of’ °uch sinrle
arrangencnts '13 replaAcerrent of the ving by a thin rigid rlate,elastically factened so,
* that it canlexecute cc;mhi;ned *bending-torsional® vibrations,ccasisting of progressive
vertical vibrations of thz plate as a ringle intesral :na torcional vivrations of same
around a certain axi;’. At a proper selection of rparsmeters such an arsangcrent does
quite well repreéent vibrations of. ta: ri;at wing tip of no sr.ﬁll aspect retio, Ana-
lysis of phenaném on such a simplified syctem anws to ‘e::a:xi'ne the bzsie laws pover-
ning flutter and to obtain a lependence of the critical Vs'locit;es uzon the mein drna-
rmiec parumeters of the wingsnatural frecuencies of the siing and the mernitude of "baend
betwen bending and buckling®s
In a r;ajority of existing experinents tie flutier phenomencn is investigated

“in iineaf approximationgunich is vulid at snall vibrasions and at not hirhk flight
speeds,If the speed of flight is many tines greatér than the speed of sound,then in
conforidty vith the .thcory.E,B]the aerodynardc 'forces depend nonlinearly uzcn the angle
of attack (llewvton law) and this nonlinear dependence has po be taken into consicdera-

tion,
At very high supersonic speeds the time 4 = b/v, vhere b - wing chord, v-flizht

speed, will be insimmificantly srsll in comparicon with the ncriod of oceillations T,
Tae ratio 4/T is proportional to the Strukhali nuw:ber and ia the case under considora-

tion vary close to zcro, and conse~uently 1% can be acmezed, that it ic par:issible

FTD-TTwé3-201/142 1



to curloy the results of stationary theory,obt:ined for a constant in tire angle of
atiackyfor the case of variable ungle at viorations. The basi: of Vt‘;zis assuz;tion will
be e:zplained below,

Aalysis of wing autoereitat ion-conditioné vith tne oid of the zbove cic;,,criyed )
sinplificd scheme olfers tae possib;lity of e:rlai:ing ail bzcic features 'of. the pheno-
enongcoin2cted wit.‘n the nonlinear aaiure of ‘».ift/_an{;ie of attach dependence,

‘ml;rtical.solﬁtiox1 of the r=ntioned preblem i~ vicw of the nonlinear nature of -
~ equations is difficult end possible only in a;zp‘roxin'atioh.'vl .

In this rezort are given results of studying '.:ehding-tqrs_iomi. fli:ftt‘cr of a uing with
*llewton® 1ift with the aid of an electrosic modeling ruchine type 1507, .

'I'he'o':)tainéd. dependence of cfitical flight sreed, at w.hich ﬁuttgr a“*cars. upon
wiiz paroneters ond initial perturbations, 1is described.. In spite of the fact that
211 méasmre:nnts pertain only to qualitative deceription of phehom;né. npnethéless it
cen be ascuned that the roscible value of critical rate of fluster can be dctcridned
t;:xeoretically appro:inately with the stre accuracf. as it is éone for ‘smli.l veloei~
fies in the cace of azplying the Bubgov-(feler'r:in nethod [1]. |

-1e 3implified arrangerent for studying beﬁdi‘ﬂ;g-.torsioml,vibrations o? can;*.'ilevér

seeured wing ic choun in fic.lquuation_s of vibrations of cuch a s;-/;:teirz hzve Athe.-form

ot mh & kit —m3b® = F, 18+4cd—mabh=M .y

vhere h = displac‘e'mc"nt of axls of rotation (ri-icity u::is).,e- an.'_-ie of rotgtién of
wing around the ri;idity axds, nm-mss of uing, k-eilasticity cpeffici’cnt.of.winc at
.Vs:tical disrlacsuents (vending rigidity), ceelasticity coefficient at rotatioﬂ around
axis (torsiomi rizidity of wing), Ienonment of inertia reletive to risfidity axis,
Yeting chord,fb = istance from ricidity axds to the ccator of pravity, F nl 14 nexo-
imade forecs .nd noment of thace forces rilutive to the ricliity aris. In equations [
{¥1) the ccordinates h and »9 -re rond fre tho sozition of eruilibiriun in tha ;:-':::c»nce

of aerol,n.ude forees,

TP ImTTwb =201 /142
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sccured wing. .

.
"In th Ifc'.-:toz} a, ;Jron:ix:"ation the r-::‘ultafxt o | of aarodri iiic forces
in eace 61‘ a time 4cox‘1:.ta:‘t acle of ~.-+.£ack was az;lied in ih rea.ctric ewater of the
.i‘!., (if hc \z-nb ic rroceated in forn of a fla¥ ,llatc) azn.i ¢ruals
N Y P ~in? ‘m-_vu‘: ,‘m&.l.’-ﬂ) o (|,"_{).
iere —90-' ;,osilti'o:; of' Aerui‘lib‘.ri';zn-in"tl.xq 'j.a.::e:‘..c'e of ae.:oi;,'-';*‘u,:r.ié fé)lfc.t?'é,‘ L-lc_.’z";":h of '
.:inc, q_-air den..:.‘-y. vespe:i of “licat. e

A.mcnt of :erod; NCEE ic fcrces: rela*ive .o t.xe riv idity L -i.. cquals

Voo

ll~a : ll,n,., ~int iy 0 e (l H.

¥ mreSb - ci"tance fron I‘i"ic\itj a:‘is to th~ -oi.nt o; 2")1,/111{; +r eﬁuiwiel'r’nt'!‘.'_‘»

At a var:h o].c ."1gln of ‘zin'- at ack thf- mmi*ude of the 'z.rorl*-nar:lc ro*ce “cting

' at the r'iven Doi.'lt o“ +lm % inc. i" detcrx dn d b,,' in.>t x‘tan..ous local m, le of atd ack G .,

wb.i.ch at plate vibra*icns 'till ve at the dista".ce zb 1ran laaaing edre the followirg
TRy _‘ -
R lom.}a 1,_/:] (”)1 o
Com,eouentu. o utﬂ 11t }'xf_recting the
' winw avri'l,_, vibratiou.equals o

I" Lb c’\ﬂu-‘)"slgu 0"(1' (l .)

e R . : y u .

"ig.l.Ei.- licha ary enbencnt of ctmtilcver "o rs. L.c’. ~ tin & ‘uz. we 111 ob""in
L’mr’s’)"ﬂlgll 0’1/" C “ 1,)

In ar amlo'v;s 'mr*ner can: al.n be- ')r‘.:cn d‘ we moi nnt u wro.l,,.. J‘J.c 1,01'ces I .

.

“ub....itutinu tx= \mlue e~ frou (l.h)in (1.6). e hnve
F. l.r,«,b-\{o-x-—[ob( +o.__ ! h]} .
ead :analogouély N - % i 10+ [”b fo.—--—)'-— ]}d'-. ,: | - (;"7?) .
v LI,*r.;*S{O ¥ }‘[6&(: G - ') ‘ h]l(. g :-) x. .
o :il:n {o 4 [Ob{- + ﬂ.—~— h}d-' ) '. (1.8)

It 10 ap arenty,th:d at amll z $u sign of $he cirrcs:ion

SeTPal ei 01 102 3



.io'-;- ! lttb sta, ) l.]} .
io jz&éé;;mnid o the .:'.‘—v.ﬁ‘lt..- vilue. ,. - L

. ) ‘.: l.m o,i_ _‘_)_,,J} ,qa,
""31'30-10-; (1.;) -..a’l ~es bim at ' :

g - , g %

lul‘

I- 2, s bc,;odd u.x_‘.,..”i 6f i‘i,< c:atien. 2;5.?1 thic, ""3‘14~ of "*'-'h .néeds- not be
cgi‘. ide 'ed. Co;...eqne.x 1; 1cu1atn 1..teJale in (1.7( °n:\ (1.8) wo . .,.all ,c::.;..ine -

"..'-,:6 'cases.“

1. A5 *...xi tna‘ 2z A l.then. as it cen ba eas:.l.,r‘seen.

F 1._1,;,,-- (u~.-z-~:\,q.'m' _-' 250 )-n.'u‘_'l b ’-a. ! i
. . ...‘. ) :' . . . -.4 "-‘ wo < ) . ". !- ..; .‘; . -P ;'l.
o M s\n. a0 "’l LB )

- ~|"||l‘l + .\\"' Iﬂ’ - -_ } - '-S'I'] t
. .erco - ~f.'wuenc-' of. benu:.-l- v:.brﬂ tionz of ..m. i ~nb, S-v‘,luc,‘.ro ortioml to -

’ _-:""ukn._li mmer, x - Aix.z;n ionlu“ coor' imte of ver.lc"l c1:“1"cc:*n t ol thd ~-.v1n:_-,

' ~da.,he.4 de.,ign,te r‘u.“fr,rc .tia 1 on in -,eccqrd:‘nc with n.:umlu t...l"L 'y '
f —:i- , R 4 f‘;'(g.':. K ;__ o l/._- //[‘a,
A.' .a’l value" of ‘the ..t*u .h..n nu:.bcr. “ien S[_ 1. “thr coml-. o> i._ ful—

fil-cd every'.ne*e... In auqition, in e::;re.,s*ons ( .10) and, (1.11) 10 is"o :1"(:1e to -
a1 5car d all me 1bor 8, - ccntai”.i'r Le; iwt:.ve tocauze. ..hﬂ" "111 e n-nll:i“'» ', *'scn .
o ‘ithé ands 92 w‘. t‘xcn obtain : ressions. ccimidim; .1th 1tn (/) u'ld (,). _
2, At 2041. Ix. -. thi's ¢ car o tha zcne of '.lntc 'rauion 42 (1.7) 31%’- (1.3) heuld be di-
'- vided Anto tuwo z_cness 0 _/_ 24 an zoL £1.. Ve will "mn o...ain -
_ll,,.ﬁ{[o’ + .,som»" IS |
+ (::’0' 40y — .;- _{’.) \(‘]’ 3-8 (e - 1 —!- 2-1,) ?0' - 25'0:') !sigu-f)' —
i oI9S G = 20 00" 25907 %
X ¥ign [0 4 S0° e — ‘%‘) - S“']} : i (1.11)
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] *\, s __)b:‘-v' lv"' 4 2Na, cm (o.+ )_'_ :‘s‘o“‘)z' f'..

i +\‘° +°“"f." o)("’ Pl “‘*"-)'—Wi (-.—H 2a,,)+

2500 (*‘ --(“-—'-')+(0o-— )]"gno =

2

S -_(-.4 ,,__1-_ £ [o'(., S ')3.)+ ;3.
L .fﬁ.\voo'(_,- bt s (o. = __)+(o. _ __).)_ ..
: — '2.\"!1'.,'(:.:—- LIRS 2_:..)].~u.n l"l'p St (q. - -1_) M.‘SI-"]} o

Fro.1r: 63.201/112. Yy

(1.12)



. ipress :ions (1.;1) and (1 12) ure ml:lc. _xt Faladively f‘r-.;:xter Serukhalt ‘nu;*:ocrs'.

20 AtiO::,Cu res ,o.xih'— to .rnll

L.)‘

I.x *‘~ S re ,ort 1s Jdigeus ed on].,, 1: 'z“i::;:'t
' -“trur..l‘.‘li m..xbers...ulution of the '“oulu« 1.1 ..;i.: ca.,e is mmen s lcr. nd for mn,J
- ~racﬁ.‘.all.y vortant -ccndit* cns °uch a, :aroc'im icn ii‘ r“ectJJ uu‘fic:tent.lt allaus .
" to e.:ulain thf basic essential traits of t.xe 'mezxcucnon an.l the ..“fluence ol Various
e Daraneters.
Uc "111 x-rite equations (1) 1n a di.‘-erem fo*. 'ol'vnb saze w ;Ex,réspect-té.'.l;
:n..fﬂ -":d intrmhcinr- nev di::cnciunless va lues o
T :»_. ra . - mhr - s B} ) ) ’ . ’
T AR - JNRLU I 4N

Tien "-'é"‘,’ill oztain -~ 'J.'a°.)‘ v :-;_-:0 = qa:’(l ~ 75,2)sin*hxignd ' :
. L0t ;’ﬂs{ 1 13: qa~x(..-~ ..,,) ~m-'t'~wn U} ' ('l'.l3).

‘ g ih . o, S

L .
1

- ;‘2. Sasi.c results..':o’i..a ions (1.2;) .x_ve bceu o._clc:’. ‘on t...e Au-7 ty“)e 1-1chinc.
D.xrim t‘u. rodelinc in equa tior. (1 1’) .z,.v= been i..z:ra acm ..m].l x:u;mcr .Oetr r-
L ﬂnin‘, oscillatior. \.umpinc.\Tne :n,:n..tu&e of t-:.:e zrall .,u.bers.a;' shoim by, e:“"er:l—‘
mnt ,Ius ”Jz‘acticall.l no z.ffect on:tie x.a~1itu'e o- the. c,.x..ical mc,cd |
1.1:: e’:.’ni.ned. 5 gtem i.s ronlinear. conscouentl,,“ Thc co:**itw o:L, o;.-c—..c...ita tion dar)‘.nd |
. docn- the -1 itivl state of the "y ten. Teazurcuent cf Lv.n c ritical flicnt cecd value, :
::f‘.,fluute: does "take, place. vas cerried out “at. init.’g.al‘ccgnci 310_1: ;:(05.= o axﬁ-..-(.)(o)

‘3 o..

&xc.x iritiul co..ni"'ions indicste the pr-.-..ce ‘o an 1. dtial de'v'iaAtipr_A of t;he
srta. ﬁ'om 1*: tafiouary ctate x and '9. deter::inable by rr'uati.on
307 = - asy s, oo ", ,—:..,.-'...nj @)
The. mcntic‘xcd ing$ial pertwrivation: 1:,; oripinrate, fov c::a::plo.on aclcc.x;nt of
2 charp clunge & airspeed ae result of sudden wind usts, atmozzherie tuwrhulence

c¢to, Cotoiled invecstipgadions on the bahavior of the syuter at virious initful zer

FID=Tw62=201/142 .5
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turbations heve not l;een conducted in tiis e::perixﬁtt.and t;xe probloﬁ wis solved cnly
at oufficiently hi-h initiel jolts for the ;ur_io:le or‘ o laining thé eifcet of nonli~
nearity, For ozanple, the cuse x(0) = 0;{3 0y =0 qbrres:on&s to the cudden rise in
flicht speed fraa zero o a va}.ue, coz'rer::;qriling to a given q, \Sluclx. of course,is
p;uctically ‘absolui~ly unfealizablo. I is .therefdre only natwrally to éxpect. thnt

real valuecs of‘ criti.r»al sveed w7111 he hi: her than the ones ootained in t‘xis experi-

~ rent (at cox re""on:lhc ving rarareters)s

Tiie "ease of small initiel deviation fran the equilibrh'm noaition of the dj' ten
in the iresence of aerod,mar.ﬂ.c forcg‘s., j.ee? .(O)N x 0’3 (o)w—?’ vas not thorouzhly

investigoted onv tfné nodel, Bc‘c'au.ze in this cr:se equ‘.tions (1.12) can be 1inu.xrized,by wri-
:x o-'wo-'- L yr—z® S  (2.2)

"here'ls °and i 4"rc deter:ined fror' equations (c.l) vhich are caaiL/ solvablo,by chnng‘-
i.ng sin 6” 1nto D : 4 . '
A f“»’ft;,"*‘(/.z--z +‘0°) . | = e | (2.3) A
. &outituting (2.2) 18 (1.13) and con...iderinc \k:'n y as smll values,ve vill ob- K

tain for thea linear equations , :
¥ +a%y + aFlay = 2.,«’(1 — a33,) w '
V" + a%M + a*asy = 29a%a (3 — o,) Oy (2.4

, A'smdy of és;uations (2.4) for stability offers the folloving oguation far criti~

cal value g,

Cas,sin g, s 0 ) e B qx (3 3 in 2003 L (L5)

- vhere 02 = deternined ty 'e::pression'(Q-S) at q = q.

_Table
6:+0,2% " e =20

™ . ¥ Th Lod
g m%':z,-_: i -c;lel ;afry “e-
2 2,2 2.0 0.7 0.55
4 8.0 6.6 1.6 1.3
52 13.0 10,8 2,1 1,7
‘ - 207 : 203

FID=-TT=63+201/142 6



Accurate calculation ‘by formula (2.5) i3 quite cwberscme,but np:‘)rc:i.m‘ao evoluationa
cén be o.tained easily,s incc the vilue ©° depends wealkly uzon q*‘(cuults of ex lcul.atlng
Qe at Glpha = 7,&= 0,25 for valueser, = 0 ando' = 04,25 are listed in taole.\lu this
tavle for tac mrpc:-.-e of comparinn are given q4n values ootrined on the uodel and .
‘sno-dnc. thet the nodel does quite well de..cri.be the o..c 111ations i. -the system under
o que:tion. 'I'ixe observed error bears a s,/..tenatic nature 'md i.» exvlained.most likely. .
by imccurate adgustneut of the nonlinear block of the . model issuines the fune-

tion sinza' » 3nd also by tne avpro'fumtion of the nalcuiation. .
| At L;rfator initial devi-tion.a of the 0""tem from the: utatlchy utato of eﬂuation
(1.13) no lincarimtion can ‘be mde, bccauue no'alincar V4 here lcad., to e,snntial .
'. ai fferences in txe ‘behavior of thﬂ s,ystem a5 comparcd wi*h hmar thcory.
Rnsults of - iwe' 231 m_ting in-this case,
' -obtaineu on model of various-wing‘_ cara= -
.mefe;l;s.ar‘e 'b;ﬁrer.x in fic.2-6 _ |
In fig.? is given tln dn“endence of cri- .
‘ .tical valu.e of relative pressure q, (flignt . R

.sveu\ is pronortw nal to valuej Qe Of

torsional rigidity of tae wing.character— '

" ized b:,' value xiz.for various ;:ositions Tib.2.')Pnende'1ce of critical wlue q u:on
‘ : torsional ricidity of ths wing at.q =7,6; =
of uing CG relative to the ribiéity a,cj.s 0 for various CG rositionss §= 0,1 .and
o i 0e%5, £olid curves correspond to initial
wider conditions timt the rigldity asds conditicns x(0)=0,4 (0) = 0,lover JLCupve for
& = 0,25; dotied curve - z(0) = z°, A(0) =
‘{5 placed in the geometrical center of 5‘; dot-dasl}.)curve (th:oretical) at x(0) =
- | | x%,4 (0) =
“the virng, 1.6.30 % 0, “hen the CC is dis-

pleeced to the rear from the risidiiy a:.r.is (f = 0425),in the symtcm is obscrved a e~
. culiar "resonance'v.i.e;critical sneod decreases in this case,when the frequency of
torsionc) oscillations is arproxinetely doubly hicher tlan the frequency of bending
oscillations (xi 7y 2), T™his phenomenon is conncctod with the nonlincar quadratie
rendence of the value of lift uson the angle of attack and apjeors only at conci-

FoD==(5mz01/142 7



dsrzble deviations of the initial pocition of the s item I{rom the stationary statee
When the CG draw$ cloter to the risidity azds (e‘.:_.o' = 0,1) "resonance® disaprears
and critical sjeed increases. hen the CG &3 chified in o.rosite direction of the rif-
1ty azis flutter does not ariginate at all, |
Fif'.J ccrrcsvom to the position of rzgiﬂi ds Ly a dl"tancce’ = 0,25 fron the
cmtc- of tne 'ing clouer to its forua*d edge{.‘hen CG coineides with (;f-orxz tricel center ,
of txc uirg (6'=(5‘° = 0.25) in ~tne "-"'stcn is alsc cbserved 'resoz‘ance' “hen thf- Cd drows
oser to tue *if-iuity axis (\3 = 0,2) the critical "'>ccd wlye riue" shurrly, and at
6'.,0.17 St ter ui*'a'ncar Cn tnn other mmx vvu C5 i- hif‘ eCt in o, 'osite,(.irce—' :
tion (0;- .3) cri+ical 'sfecd deercases o 35: *resonance” disappcars."l’ne depcﬁence of
c“itiﬁal ‘speeAd uﬂon ..ne ‘:'os.ition- of CC ia the case xmdo.r c;a'nsmcration at éonstant

.12 is civen 1n Ti; .l;. S - "\
' .

" T

N

@ exn- @
Fi- .k.&py.ﬁ.&..nce o c¢hitical value -,
upon tie C3 positiongat g = 7,6, - 0425,

-d‘ =3 . : :

A cha!f.:e in parameter a (change in masmi-

tude of radius square of wing incrtia)leads

FireJedependence of critical value geuoon to dic laemient of "resonance?® ""evuency. ‘oc.-.

the weirht of the wing at iorsion at alpha __cause
= 7,6 =2425 “or variocus sositions of CGs /ot simller a “resonznee® occurs at preatéy
g = 002; 0.25; 0.3

torsion:l fre.uency ratios %o i bonding
Trocueney (C15.5)e Resonunee bocomes nove aronouneed hei'e. it reater a values
5.nance" dican_ear catirely (cedea = 10).

I: (f17e6)45 civen the derendenca q ugon 742 in case wien the ripicity a:is 4s

cii2%ed by a distunce, ® 0,25 toward the trailiag ofge of the wing,

PT T el =201/142 8



FizedeDepenuence of critical value q
of ©i g ri-40ity 4% u.o2 tor-ion in caze
€)= » 0,25, % = 7;¢ = 0,1 niv= 0,2

In $:13 case ihe coritical ;resoute value

. rises alnoct crecthly anl “rosonunee® iz not
FizeSedencaience of critical walue q4
- of uinec risidity 47 upon torsion ats. chaerved,

8 0,25 'nd@ = 0,25 for varicus values

of mararmeter a, In thic eperinient vas also iuvestisnted

the effact of fuselags on the masnitude of critical speedyat vhieh fluiter coes take
Dlace, In this case was used a uing rodelyshoun in 17,7

Squaticns of oscillations of cuch a model have the for:i of
mhe  hide- My - msbid - F

1 - m3lhe M 2.6
© vhore lMy-mass of fusealre, i=iisplucensnt MU0l k) kg
of fuselage relative to thz eguilibriun -~ -
position, k, = rizicity of cuspension, ,8”‘
« v

Tue invesiiration vas nade at }y/n = 10,
kofk = 374G, = 0425, The r..ults shosed

thes 42 this case the conszideration of the

fucelase has a very sli;iit 2ffect on the
FipeTelh plified cyzten of wing with fusee
ua:nitude of dritical fluitar rates lage,
™o eritical ape:d values wish econzideration of the Turclage °ra cho:n in rradh
In fizSeay th i/ at@s 0423 a 8 7, For other rararaler ¥ Iuwes $he chunge ia

eritical s eed with eonsider:ticn of the fus:lase was found *o be cven rore incimi-

fieant,

FT-TGIe201/102 q
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